INTRODUCTION
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the primary regulatory enzyme of photosynthesis and initiates photosynthetic carbon metabolism by combining atmospheric CO 2 with ribulose 1,5-bisphosphate to form 3-phosphoglyceric acid. Numerous studies have shown that the activity of Rubisco is regulated by a protein known as Rubisco activase (RCA) (Portis, 2003) . RCA is a soluble chloroplast ATPase associated with a variety of cellular activities (AAA+) that functions as a molecular chaperone (Sanchez de Jimenez et al., 1995) . This protein catalyzes the activation of Rubisco in vivo by the ATP-dependent removal of various inhibitory sugar phosphates (Portis et al., 2008) . The activity of RCA is dependent on the ATP/ADP ratio (Zhang and Portis, 1999; Carmo-Silva and Salvucci, 2013) and/or the redox state of the chloroplast (Zhang et al., 2001; Wang and Portis, 2006) and is extremely sensitive to high temperature (Salvucci and Crafts-Brandner, 2004) . Thus, RCA can adjust the rate of CO 2 fixation to the rate of electron transport activity and can limit CO 2 assimilation during heat stress.
In many plants, there are two forms of RCA: an α isoform of 45-46 kD and a β isoform of 41-43 kD. However, in some species, such as tobacco, cucumber and mung bean, the α isoform is believed to be absent (Portis, 2003) . The greatest difference between the two forms of RCA is usually at the carboxy terminus (Salvucci et al., 1987; Portis, 2003) . Compared with the β isoform, the α isoform has a carboxy-terminal extension that contains redox-sensitive cysteine (Cys) residues (Zhang and Portis, 1999; Portis, 2003; Salvucci et al., 2003) . Both the α and β isoforms are capable of activating Rubisco; however, they have slightly different maximal activities (Shen et al., 1991) . In rice, the α isoform has been shown www.plantphysiol.org on July 14, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
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to play an important role in photosynthetic acclimation to moderate heat stress in vivo, whereas the β isoform has been shown to play a major role in maintaining the initial activity of Rubisco under normal conditions (Wang et al., 2010) . More significantly, light modulation of Rubisco in Arabidopsis requires a capacity for redox regulation of the α isoform via thioredoxin-f (Zhang and Portis, 1999; Zhang et al., 2001; Zhang et al., 2002) .
Genomic analyses have identified one RCA gene in spinach, Arabidopsis, rice and wheat (Werneke et al., 1988; To et al., 1999; Law and Crafts-Brandner, 2001 ), two RCA genes in barley and cotton (Rundle and Zielinski, 1991; Salvucci et al., 2003) , and more than three RCA genes in tobacco (Qian and Rodermel, 1993) and soybean (Yin et al., 2010) . In some species, such as spinach, Arabidopsis and rice, alternative splicing of RCA transcripts results in two isoforms of RCA (Werneke et al., 1989; Rundle and Zielinski, 1991; To et al., 1999) , whereas in other species such as cotton and soybean, the two RCA isoforms are encoded by different genes (Salvucci et al., 2003; Yin et al., 2010) . In barley, in addition to one alternatively spliced RCA gene (rcaA) that produces two RCA isoforms, a second gene (rcaB) encodes only the β isoform of RCA (Rundle and Zielinski, 1991) . Additionally, in some species such as tobacco, bean, cucumber and mung bean, the RCA gene may only encode the β isoform of RCA (Portis, 2003) .
The expression patterns of the RCA gene in plants have been extensively examined. The RCA gene is expressed almost entirely in the green parts of the plant in most plant species and is developmentally regulated by leaf age and light (Watillon et al., 1993; Liu et al., 1996) . In tomatoes, apples, Arabidopsis and rice, the mRNA levels of the RCA gene showed cyclic variations during the day/night period (Martino-Catt and Ort, 1992; Watillon et al., 1993 al., 1996; To et al., 1999) . Diversity in gene expression is one of the mechanisms underlying phenotypic diversity among individuals. In soybean, positive correlations were observed between the expression levels of two RCA genes and the initial activity of Rubisco, photosynthetic rate and grain yield in a recombinant inbred line population, and expression quantitative trait loci (eQTL) mapping revealed four trans-eQTL for the two genes (Yin et al., 2010) .
Maize (Zea mays L.), a C4 plant, is one of the most important crops in the world, serving as an essential source of food, feed and fuel. Various research groups have detected different numbers of RCA polypeptides in this species, varying from one to three; the molecular masses of these polypeptides are approximately 41, 43 and/or 45-46 kD (Salvucci et al., 1987; Crafts-Brandner and Salvucci, 2002; Vargas-Suarez et al., 2004; Ristic et al., 2009) . Two RCA cDNAs, Zmrca1 and Zmrca2, have been cloned (Ayala-Ochoa et al., 2004) . These two cDNAs contain identical open reading frames (ORFs) that encode the 43 kD RCA polypeptide. Based on sequence similarity, this polypeptide appears to correspond to the β isoform of RCA, as reported for other species (Werneke et al., 1989; To et al., 1999; Salvucci et al., 2003) . Limited proteolysis of the 43 kD RCA at its amino-terminal region can give rise to a 41 kD RCA (Vargas-Suarez et al., 2004) . Although informative, these data do not clarify the origin of the 45-46 kD RCA polypeptide in maize.
Because the entire genome of the maize inbred line B73 has been sequenced (Schnable et al., 2009) , it is possible to identify maize RCA genes on a genome-wide scale. In the present study, an α -form RCA gene and a β -form RCA gene were identified in the maize genome on the basis of currently available genomic resources and the relevance of these two genes to www.plantphysiol.org on July 14, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved. 8 maize RCA polypeptides was examined. In addition, the expression patterns of these two genes were investigated. Lastly, the potential relationship between these two genes and grain yield was analyzed in 123 maize inbred lines with extensive genetic variation. Our results indicate that an α -form RCA-encoding gene functions alongside a β -form RCA-encoding gene in maize and that both genes play a role in determining maize productivity. In the present study, a genome-wide survey of maize RCA genes was performed. The
RESULTS

Genomic
Arabidopsis RCA gene sequence information (GenBank accession number 818558) was used to query the maize genome sequence database (http://www.phytozome.net/). We identified an α -form RCA-encoding gene and a β -form RCA-encoding gene on chromosome 4, designated ZmRCAα and ZmRCAβ, respectively. The identity of these two genes was corroborated by sequencing the PCR products amplified from the genomic DNA of four randomly selected inbred lines using gene-specific primers (data not shown).
Two β -form RCA cDNAs, Zmrca1 (GenBank accession number AF084478) and Zmrca2
(GenBank accession number AF305876), were cloned and characterized in maize (Ayala-Ochoa et al., 2004) . These two cDNAs contain identical ORFs but have differing 3′ untranslated regions (UTRs) with different downstream-like elements. To investigate the relationship between the two β -form cDNAs and the ZmRCAβ identified in the present study, we cloned the genomic DNA and full-length cDNAs of Zmrca1 and Zmrca2 from the inbred line JB using gene-specific primers (Supplemental Table S1 ). Alignment analysis precisely matched the genomic sequences of ZmRCAβ, suggesting that the Zmrca1 and Zmrca2 mRNAs could arise from alternative splicing of the ZmRCAβ genomic DNA (Supplemental Figure S1 ). When two splice sites at the 3′UTRs were utilized, a single 112-nucleotide intron was removed to produce the Zmrca2 mRNA. Alternatively, the first 28 nucleotides of this intron were retained to produce the Zmrca1 mRNA. Sequence alignment of the Zmrca1 and Zmrca2 cDNAs identified from the maize variety Chalqueño (Ayala-Ochoa et al., 2004) and the ZmRCAβ genomic DNA from the inbred line B73 (http:// www.phytozome.net/) also produced the same result.
Based on the genomic DNA sequence information, the cDNA of ZmRCAα was also cloned from the inbred line JB. This ZmRCAα cDNA had not been previously cloned in maize, and we deposited its sequence in GenBank under the accession number JX863889.
This cDNA is predicted to encode a protein of 463 amino acids with a calculated molecular mass of 51.04 kD (Figure 1 ). The first 50 amino acids at the amino terminus of ZmRCAα were predicted to be chloroplast transit peptides (ChloroP version 1.1 server; http://www.cbs.dtu.dk/services/ChloroP/). Thus, the predicted mature protein encoded by ZmRCAα contains 413 amino acids and has a calculated molecular mass of 45.96 kD.
Compared with ZmRCAβ, the deduced protein sequence of ZmRCAα contains a 30-amino acid extension at the carboxy terminus (Figure 1 ), including two Cys residues that are known to be involved in redox regulation (Zhang and Portis, 1999; Salvucci et al., 2003 -form RCA reported in other species (Werneke et al., 1989; To et al., 1999; Salvucci et al., 2003) . We also cloned the cDNAs of ZmRCAα from three other maize inbred lines, XD053, polypeptide (data not shown). We purified maize leaf ZmRCAα and ZmRCAβ using the two specific antibodies. The purified maize leaf RCAs and maize leaf protein extracts were probed with polyclonal cotton RCA antibodies ( Figure 2B ). Both the purified leaf ZmRCAα and ZmRCAβ showed specific bands (lanes 2 and 3). Three polypeptides were detected in maize (lane 4). The two larger polypeptides had molecular masses similar to those of the purified leaf ZmRCAα and ZmRCAβ, suggesting that the maize polypeptides might correspond to the α -and β -RCA isoforms. The smallest maize polypeptide appeared to be a degradation product, possibly from proteolysis. Different numbers of RCA polypeptides, varying from one to three, were previously detected in maize (Salvucci et al., 1987; Crafts-Brandner and Salvucci, 2002; Vargas-Suarez et al., 2004; Ristic et al., 2009) . The variability in these observations might be due to the use of different affinities of the antibodies, different experimental conditions and/or proteolysis (Salvucci et al., 1993; To et al., 1999) .
We used matrix-assisted laser desorption/ionization-tandem time-of-flight spectrometry (MALDI-TOF-MS) analysis to precisely determine the molecular masses of maize RCA proteins. As shown in Supplemental Figure S3 , the molecular masses of purified recombinant His-tag ZmRCAα, purified recombinant His-tag ZmRCAβ, purified leaf ZmRCAα, and purified leaf ZmRCAβ, were 52.8, 50.1, 46.1 and 43.3 kD, respectively. The determined molecular mass of the purified leaf ZmRCAα was 0.14 kD larger than its predicted molecular mass. This deviation is within the error limits (+/-0.2 kD) of the MALDI-TOF instrument.
Together with the observations made by SDS-PAGE analysis ( 
ZmRCAα and ZmRCAβ Transcripts are Predominantly Expressed in Leaves and Show
Cyclic Day/Night Expression Patterns
At the 16-leaf stage, samples of the roots, stems, leaves, tassel spikelets and immature ears of the maize plants were collected, and the transcript abundance of ZmRCAα and ZmRCAβ in these tissues was investigated using semi-quantitative RT-PCR (Supplemental Figure S4A) and real-time quantitative RT-PCR assays ( Figure 3A ). Because alternative splicing of the ZmRCAβ pre-mRNA at its 3′UTR created two transcripts with identical ORFs as mentioned above, we measured the expression of this gene by designing primers that detect the two transcripts simultaneously (Supplemental Table S1 ). The ZmRCAα and ZmRCAβ transcripts accumulated primarily in the leaves and, to a lesser extent, in the stems, tassel spikelets and immature ears of the plants, whereas no or very low signal was detected in the roots.We also examined the protein expression levels of ZmRCAα and ZmRCAβ and obtained a similar result ( Figure 3B ).
At 32 days after anthesis (DAA), the leaves closest to the ear were harvested at 4-h intervals during a 48-h span from maize plants grown under a 12/12-h light/dark cycle ( Figure   3C ). Both semi-quantitative RT-PCR (Supplemental Figure S4B ) and real-time quantitative RT-PCR ( Figure 3D ) assays showed that transcripts of ZmRCAα and ZmRCAβ gradually increased during the dark period, with relatively higher levels detected at 8:30 am, 2.5 h after the beginning of the light period. Following this peak in expression, the levels of these transcripts gradually declined, reaching relatively lower levels at 8:30 pm, 2.5 h after the end of the light period. Similar results were observed previously for the two β -form RCA www.plantphysiol.org on July 14, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
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transcripts (Ayala-Ochoa et al., 2004) . In contrast, no abrupt changes in the protein expression levels of ZmRCAα and ZmRCAβ within the 12/12-h light/dark periods were observed ( Figure   3E ). ZmRCAα and ZmRCAβ showed that the proteins encoded by the two genes were expressed at higher levels during the grain-filling stages ( Figure 4B ). Because grain filling is crucial for grain formation, the higher expression levels of ZmRCAα and ZmRCAβ during this stage suggested that these two genes might play a role in determining grain yield.
The Expression Levels of
To further investigate the relationship between the two RCA genes, ZmRCAα and ZmRCAβ, and grain yield, we determined the transcript abundance and protein expression levels of these two genes, as well as the grain yield, in 123 maize inbred lines. Pedigree information revealed that these lines are genetically diverse and that they originated from diverse germplasm resources that are currently used in China (e.g., Lancaster, Reid, Tangsipingtou, P, Lvdahonggu, and Waxy maize) (Supplemental Table S2 14 S3). The transcript abundance of ZmRCAα and ZmRCAβ in the 123 maize lines was positively correlated with their protein expression levels, and both the transcript abundance and protein expression levels of these two genes were significantly correlated with grain yield (Table I ).
In the 123 maize lines, we also determined the transcript abundance of three C 4 photosynthesis genes, NADP-ME, PPDK and PEPC, which are widely thought to play an import role in determining grain yield (Hibberd and Covshoff, 2008; Hibberd et al., 2010) .
The transcript abundance of these genes was also significantly correlated with grain yield (Table I) , and ZmRCAα and ZmRCAβ expression showed a similar correlation.
DISCUSSION
An
α -form Large RCA Polypeptide Gene is Expressed in Maize
In maize under non-stress conditions, only β -form RCA polypeptides were previously detected by western-blot analysis (Salvucci et al., 1987; Vargas-Suarez et al., 2004) . In the present study, we used different antibodies than those used previously; i.e., an antibody against cotton RCA and a ZmRCAα-specific antibody, and detected an α -form RCA polypeptide of approximately 46 kD (Figure 2 and Supplemental Figure S3 Jimenez et al., 1995; Crafts-Brandner and Salvucci, 2002; Ristic et al., 2009 ).
In previous studies, two β -form maize RCA cDNAs that encode the same polypeptide but
show different sequences at their 3′UTRs were cloned and characterized (Ayala-Ochoa et al., 2004; Vargas-Suarez et al., 2004) . In the present study, on the basis of the genomic sequence of the inbred line B73, we cloned an α -form RCA gene, ZmRCAα, of maize for the first time.
PCR amplification and sequence analysis confirmed that this gene is present in the genomes of diverse maize inbred lines, and both transcript and protein expression measurements showed that it is expressed in maize. The presence of an α -form RCA gene sequence in maize genome was also inferred in a recent study (Carmo-Silva and Salvucci, 2013) . The alternative splicing sites are located in the 3′UTR of the ZmRCAβ pre-mRNA (Supplemental Figure S1) ; thus, splicing at these sites would not change the amino acid sequence of the resulting protein products. Alternative splicing of pre-mRNA at its 3′UTR is not a rare phenomenon in plants. In Arabidopsis, it was reported that approximately 6.4% of all alternative splicing events occur in 3′UTRs (Reddy, 2007) .
To the best of our knowledge, the present study is the first to show that alternative splicing can produce two different β -form RCA transcripts. Although it does not alter the encoded amino acid sequence, alternative splicing in the 3′UTR can produce transcripts with different sequence lengths and/or structures. In a previous study, under non-stress conditions, the Zmrca1 and Zmrca2 transcripts showed cyclic variations during a day/night period, with the Zmrca2 transcript exhibiting greater amplitude in its steady-state levels than Zmrca1 (Ayala-Ochoa et al., 2004) . The authors of that study suggested that the DST-like elements in the 3′UTRs may regulate the expression of these two transcripts. In the present study, we further observed that Zmrca2 was more highly expressed than Zmrca1 in six randomly www.plantphysiol.org on July 14, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
selected maize inbred lines under non-stress conditions (data not shown). In cotton and
Arabidopsis plants acclimated to heat stress, stabilization of the RCA transcript levels was linked to the production of transcripts with shorter 3′UTRs (DeRidder and Salvucci, 2007; DeRidder et al., 2012) . The Zmrca1 transcript has a shorter 3′UTR than the Zmrca2 transcript.
Future studies aimed at investigating whether heat stress conditions induce Zmrca1 transcript expression are necessary.
Genome Duplication Could Potentially Be Related to the Origin of Two RCA Genes in Maize
In most plants studied to date, only one single alternatively spliced RCA gene has been identified (Werneke et al., 1988; To et al., 1999; Portis, 2003) . In the present study, two RCA genes, including an α -form and a β -form, were identified in the maize genome. Polyploidy is a crucial force in plant evolution, and many angiosperms have undergone one or more et al. (2005) showed that RCA activity was essential for the proper functioning of the C 4 photosynthetic pathway. In maize, which is also a C 4 plant, the RCA protein content of leaves during grain-filling was higher in high-yield populations than in low-yield populations (Martı´nez-Barajas et al., 1997; Morales et al., 1999) . In the present study, we used a new strategy to investigate the effect of RCA on maize grain yield by determining both the transcript abundance and protein expression levels of two RCA genes in diverse maize inbred lines.
The two RCA genes ZmRCAα and ZmRCAβ were more highly expressed at both the transcript and protein levels during grain-filling than at any other growth stages (Figure 4 , Supplemental Figure S4 ). The transcript abundance and protein expression levels of these genes during grain-filling were positively correlated with grain yield in 123 inbred lines (Table I) . Additionally, both genes demonstrated a similar correlation with grain yield compared to three C 4 photosynthesis genes. Lastly, our preliminary eQTL analysis revealed that each of the two RCA genes had one eQTL that coincided with the QTLs for grain yield in the 123 inbred lines (Supplemental Table S4 ). These data support the hypothesis that RCA genes play an important role in determining plant productivity. A similar result was observed in our recent studies in soybean, in which the transcript abundance of two RCA genes was positively correlated with grain yield (Yin et al., 2010; Chao et al., 2013) .
It was recently reported that RCA plays an important role in regulating non-steady-state photosynthesis (Yamori et al., 2012) . Both the maize in the present study and the soybean in the previous studies (Yin et al., 2010; Chao et al., 2013) were grown under natural conditions and thus were exposed to a highly variable light environment each day. Plants with higher www.plantphysiol.org on July 14, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved. 20 levels of RCA gene expression are thought to exhibit a more rapid increase in photosynthesis following an increase in light intensity, which could have resulted in increased grain yield.
However, considering that the two RCA genes ZmRCAα and ZmRCAβ showed similar correlations with grain yield as the three C 4 photosynthesis genes, NADP-ME, PPDK and PEPC (Table I) , it is more likely that the relationship between RCA gene expression and grain yield is a general response reflecting greater photosynthetic capacity than that it involves a more rapid increase in photosynthesis during light transients.
CONCLUSION
In maize, an α -form RCA gene, ZmRCAα, functions alongside a β -form RCA gene, ZmRCAβ.
ZmRCAα encodes a larger maize RCA polypeptide. Similar to ZmRCAβ, ZmRCAα transcripts accumulate to higher levels in leaves than in other tissues and show cyclic variation during a day/night period. Both ZmRCAα and ZmRCAβ may play important roles in determining maize productivity.
MATERIALS AND METHODS
Plant Material and Plant Growth Conditions
The following four maize inbred lines, which have different genetic backgrounds, were used for cloning, western blotting and/or expression pattern analysis of RCA: JB, XD053, Y6 and Y53. These four inbred lines are all members of the popular heterotic groups used in China. 
Tissue Preparation
All leaf samples were obtained from the mature upper third of the leaf unless otherwise noted.
For each leaf sample, the middle portions of the leves were cut into small pieces and then 
Cloning of the Maize RCA Gene and Sequence Analysis
To identify RCA genes in maize, BLASTP searches targeting the maize genome sequence were performed with the Arabidopsis RCA protein (GenBank accession number 818558) as the query using the Phytozome Search Tools program (http://www.phytozome.net). The deduced nucleotide sequences of the target genes were downloaded. Consequently, two maize RCA genes were obtained; these were designated ZmRCAα (for the sequence with the longer ORF) and ZmRCAβ (for the sequence with the shorter ORF).
Based on the sequence information, the genomic DNA and full-length cDNA sequences of ZmRCAα and ZmRCAβ were amplified from maize leaves using gene-specific primers (Supplemental Table S1 ). The amplified products were purified, cloned into the pGEM-T vector (Promega) and subsequently sequenced (Beijing Genomics Institute). Sequence analysis was performed using DNAMAN software (http://www.lynnon.com) and the ChloroP version 1.1 server (http://www.cbs.dtu.dk/services/ChloroP/). The molecular mass of the predicted protein was calculated using the BioXM program (version 2.6; http://www.bio-soft.net/format/bioxm.htm).
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Expression of Recombinant RCA Proteins
Using the primers listed in Supplemental Table S1 , the ZmRCAα and ZmRCAβ cDNAs were used as templates to amplify the truncated ORF lacking a signal sequence. PCR products were digested with BamHI, HindIII and/or EcoRI restriction enzymes and inserted into the pET-30a expression vector (Novagen). The resulting constructs were introduced into E. coli strain BL21 (DE3) (Novagen). The expression of these two recombinant RCA isoforms was performed as previously described (Yin et al., 2010) .
Leaf Protein Extraction and Western-Blot Analysis of RCA Protein
Leaf protein was extracted using previously described methods (Yin et al., 2010) . Protein extracts were subjected to SDS-PAGE using a 12.5% acrylamide resolving gel. The separated proteins were then transferred onto polyvinylidene difluoride membranes, and nonspecific antibody binding was blocked with 5% nonfat dried milk in phosphate-buffered saline (PBS) (pH 7.4) for 1 h at room temperature. The membranes were then incubated overnight at 4 °C with polyclonal cotton anti-RCA antibodies (AS10700, Agrisera) diluted 1:10,000 in PBS plus 1% nonfat milk. Immune complexes were detected using goat anti-rabbit IgG-HRP (horseradish peroxidase) (sc-2004; Santa Cruz Biotechnology) . Color was developed with a solution containing 3,3'-diaminobenzidine tetrahydrochloride as the peroxidase substrate, and the membranes were scanned.
Relative Quantification of Transcript Expression
We used semi-quantitative RT-PCR and/or real-time quantitative RT-PCR assays to determine the transcript abundance of ZmRCAα, ZmRCAβ, NADP-ME, PPDK and PEPC. Table S1 .
Peptide Synthesis and Polyclonal Antibody Generation
Two antigen peptides, N-F-D-P-T-A-R-S-D-D-G-S and A-K-E-V-D-E-T-K-Q-T-D, corresponding to the carboxy terminus of predicted ZmRCAα and
the amino terminus of predicted ZmRCAβ, respectively, were synthesized, and polyclonal antibodies against these peptides were generated in male New Zealand rabbits (GL Biochem Ltd). The antibodies were affinity purified on protein A-Sepharose, and their specificity for the corresponding peptides was determined by enzyme-linked immunosorbent assay (ELISA).
The antibody titers were 1:512,000 and 1:128,000 for the antibodies corresponding to ZmRCAα and ZmRCAβ, respectively.
Purification of RCA Polypeptides from Leaves and Recombinant RCA from E. coli
After induction with isopropyl-1-thio-b-D-galactopyranoside, E. coli containing recombinant RCA were harvested by centrifugation, resuspended in 8 ml of buffer (50 mM NaH 2 PO 4 and 300 mM NaCl, pH 8.0) containing 2 mM phenylmethylsulfonyl fluoride and disrupted using a 
Quantification of RCA Polypeptide Expression in Maize Leaves
The protein expression levels of ZmRCAα and ZmRCAβ were determined on the basis of the total soluble protein content. The total soluble protein concentration of each leaf protein extract was determined using the Bradford assay, and bovine serum albumin (BSA) was used as a standard.
The concentration of ZmRCAα or ZmRCAβ in each leaf extract sample was measured using an ELISA quantitative sandwich technique modified from Leitao et al. (2003) . Nunc
Immuno Plates were coated with 100 μ l of specific ZmRCAα or ZmRCAβ antibodies (1 g/ml in 0.1 M Na 2 CO 3 /NaHCO 3 buffer, pH 9.5). The plates were incubated for 1 h at 37 °C and 
Grain Yield Measurement
Grain yield was estimated using the average yield of five plants in the middle of each row. At maturity, the ears of the corresponding plants were hand harvested, dried to a constant weight and threshed, and the mean grain yield per plant was recorded.
Statistical Analysis
Transcript abundance data for ZmRCAα, ZmRCAβ, NADP-ME, PPDK and PEPC; protein expression data for ZmRCAα and ZmRCAβ; and grain yield data for the inbred lines were analyzed using the SAS system (9.0 for Windows). Analysis of variance was performed using SAS PROC GLM. The mean values of each trait for each inbred line were calculated using SAS PROC MEANS. The Pearson phenotypic correlations among the traits were calculated using SAS PROC CORR. 
